The catalytic transformation of petroleum-derived asphaltene with Co loaded smectite and CoMo loaded alumi-(PMRTA). Residual hydrogen as a qualitative measure of the hydrogen remaining in the sample and second moment (M2T16), which is sensitive to molecular mobility, were obtained as a function of temperature.
Introduction
Consumption of heavy oils is currently declining whereas the demand for lighter transportation fuels such as gasoline and diesel is increasing. To meet such changes in the product slate, high performance catalysts are required for hydrotreating, cracking and hydrogenation of heavy oils and residuals to improve the efficiency of refining processes. Therefore, more information is required concerning the catalytic cracking properties at high temperature of the heavy hydrocarbons used for feedstock.
The development of catalysts for heavy oil hydrocracking is currently an active area of research1),2).
Metal oxide pillared clay, which is expected to be a post zeolite catalyst, has recently generated great interest as a novel solid catalyst3),4). We previously found that thiophene is readily hydrodesulfurized by cobalt-loaded high porosity saponite pillared clay5). Metal oxide pillared clay catalysts have larger pore diameters than zeolite catalysts, so can be considered as candidates for hydrocracking catalysts. However, there are few studies of the properties and hydrotreating activities of metal oxide pillared clays prepared under a wide range of conditions6). Proton magnetic resonance thermal analysis (PMRTA) is a "broad line" nuclear magnetic resonance spectroscopic technique that provides information on thermal transformations in hydrogen-containing solids during pyrolysis at high temperature.
The PMRTA technique is useful for investigating coal, tar pitch, polymers and other organic materials7), 8) . PMRTA has been used to elucidate the mechanisms of structural transformations in petroleum-derived asphaltene up to changes occurring prior to pyrolysis9).
However, no in situ monitoring has investigated the transient intermediate states of asphaltene coexisting with the catalyst.
Such information would be useful for catalyst design and operation in the refining process of heavy oil.
The present study investigated the potential of metal oxide pillared clays to act as hydrotreating agents for heavy oils. PMRTA was used to compare the catalytic activity of a series of cobalt loaded smectite*1) and cobalt/molybdenum loaded alumina based catalysts for the hydrocracking of petroleum-derived asphaltene.
Experimental

2.1.
Preparation of Asphaltene Sample Saudi Arabian light crude oil was selected as the original source of asphaltene.
The crude oil, supplied from Saudi Aramco, was distilled according to the ASTM method D 2892. The asphaltene sample was prepared according to standard methods described else-where9). The yield of the asphaltene was 4.4% (based on the residue) and the analytical data are presented in Table 1 .
2.2.
Preparation of Catalyst Montmorillonite (KUNIPIA F) and porous saponite were obtained from Kunimine Kogyo Co., Ltd. KUNIPIA F is a purified montmorillonite from natural clay and porous saponite is a synthesized clay. The montmorillonite clay was used for catalyst support without further treatment.
The porous saponite used to study its structural changes and properties during the course of the heat treatment (precalcination). Cobalt loaded smectite catalyst was prepared by cobalt cation exchange.
Cobalt and molybdenum the incipient wetness method using cobalt nitrate and ammonium heptamolybdate5),10). Alumina pillared montmorillonite catalysts were prepared under various conditions detailed elsewhere5),6). The surface area and the pore volume of the prepared catalysts are shown in Table 2 The signals were acquired continuously during heating. Measurements were based on signal averaging for 30sec and a 45sec interval between the end of one measurement and the start of next. The NMR signal digitization parameters were such that the signal decay was acquired for 180 microsec.
The method of data analysis was described elsewhere7),9),11)
The asphaltene-catalyst mixtures were prepared by first weighing the asphaltene into a glass sample tube and then weighing in the appropriate amount of catalyst to give an approximately 50:50 mixture by weight. The two materials were then mixed together using a spatula until the sample appeared to be consistent (usually 2-3min).
The powdered asphaltene and catalyst mixture of 0.2-0.4g was tested in a 10mm o.d. sample tube. Although the sample containing only asphaltene Residual Hydrogen The residual hydrogen is expressed as the signal amplitude at time zero of the 1H-NMR solid echo signal. The initial signal amplitude, I(0), is proportional to the hydrogen content of the specimen.
Therefore, I(0) plotted versus temperature is generally similar to a weight-loss pyrogram measured by thermogravimetric analysis8),9).
2.4.2.
Second Moment The variations occurring in the 1H-NMR signals during heating are manifestations of their sensitivity to thermally induced changes in the molecular dynamics of the asphaltene.
A highly effective parameter for capturing this sensitivity is the empirical (and truncated) second moment, M2T(vT), of the frequency domain spectrum G(v) obtained by Fourier transformation of
where v is the frequency specified relative to the resonance frequency.
Therefore, the value of the second moment is very sensitive to the molecular dynamics and also sensitive to the concentration and distribution of protons and unpaired electrons in the molecular lattice8), 9) . M2T(vT) is calculated by integration of the frequency spectrum, so is less affected by random and systematic error than parameters obtained by fitting the time-domain signal. Two M2T(vT) parameters are used in this study. M2T16, where vT=16kHz, is very sensitive to the extent of fusion in the sample. M2T16 ranges from close to zero for molten materials to over 52kHz2 for rigid materials such as dry coal at room temperature8),12). M2T40, where vT=40kHz, is sensitive to the concentration and distribution of protons and unpaired electrons in the molecular lattice. Typical values of M2T40 are 150kHz2 for chars, 190kHz2 for solid, hydrogen-rich materials, and over 300kHz2 for samples containing large amounts of ferromagnetic materials8),12).
Cumene
Cracking and Thiophene Hydrodesulfurization Catalyst performance was assessed using cumene cracking and thiophene hydrodesulfurization as model reactions in a pulse flow microreactor. Experimental procedures in detail were described elsewhere5),17),18).
Results and Discussion
Residual Hydrogen
The residual hydrogen of only asphaltene was almost cating enhancement in apparent hydrogen content, enhancement is due to the gradual transition of asphaltene from a rigid material to a material with a high degree of molecular mobility, because the signal amplitude for mobile material is stronger than that from an equal amount of hydrogen in a rigid-lattice structure8). distance between Si-Si in the structure frame of the porous saponite changed with precalcination as measured by 29Si-NMR13). The structural and property changes of the porous saponite were correlated with the changes in residual hydrogen curve caused by the precalcination of the catalyst. As shown in Figs. 1 and 2, the decrease in residual hydrogen at the initial heating stage can be interpreted as follows: (1) the mobility of asphaltene molecules becomes inhibited by the surface of porous saponite, (2) some catalytic dehydrogenation of asphaltene takes adsorbed in the porous saponite precalcined at low temperatures.
The water bound within the lattice of saponite has a more or less important role as well. The decrease of residual hydrogen by mechanism (3) is considered to be the most likely. Interaction between the asphaltene and the surface of the porous saponite decreases with increasing precalcination temperature as shown in Fig. 2 , and the surface of porous saponite interaction with asphaltene molecules. This is probably caused by the collapse of the saponite clay structure already shown that the behavior and properties of the saponite as a function of precalcination temperature are closely correlated with the hydrodesulfurization (HDS) performance13), 14) Loading of cobalt oxide on the porous saponite had a much greater effect on the change in residual hydrogen than loading of cobalt oxide on montmorillonite, as shown in Fig. 1 . The residual hydrogen in asphaltene with Co porous saponite or Co montmorillonite initially decreased with increasing temperature.
The extents of the decreases in both cases were similar to those observed for asphaltene mixed with only the conesponding support material (Fig. 2) A possible explanation is that the asphaltene binds strongly to the surface of porous saponite ture dependence of M2T16 for asphaltene mixed with Al montmorillonite is mostly similar to that for porous saponite. M2T16 pyrograms of asphaltene and 50:50 (wt) blends of asphaltene and catalysts are shown in Fig. 4 . The temperature dependences of M2T16 values of the asphaltene mixed with the various alumina based catalysts were similar to those of only asphaltene until just asphaltene mixed with Co porous saponite ( Fig. 4 (b) and CoMo alumina based catalysts ( Fig. 4 (a) ) increased rapidly after reaching a minimum. On the other hand, the temperature dependences of M2T16 for the mixtures of asphaltene with Al montmorillonites (Fig. 4 (c) ) and with Co montmorillonite (Fig. 4 (b) ) were similar to that of only asphaltene over the whole temperature range tested.
Here we define critical temperatures, Tc(M2T16) and
Tc(residual hydrogen) as characterization parameters of the catalyst performance. Tc(M2T16) is the temperature at which the minimum value of the second moment appears in the M2T16 pyrogram ( Fig. 4) . Tc is the temperature at which the residual hydrogen curve starts a sharp fall as seen in Fig. 1 . A linear correlation is recognized between Tc(M2T16) and Tc as shown in Fig.  5 .
Sakurovs et al. have made extensive investigations of the PMRTA of coal. M2T16 values for thermoplastic coal reflect the extent to which the molecular structure is mobilized by fusion or other thermal activated processes8). M2T16 does not decrease for non-thermoplastic coal. They proposed that plots of M2T16 values versus temperature provide a M2T16 pyrogram characterizing the thermal transformation of bituminous coal. Four parameters are extracted from the pyrogram to characterize the thermal behavior of bituminous coal. One of parameters is the minimum value of M2T16 reached during thermal transformation and is referred to as the maximum fusion of coal. As shown in Fig.  4 (a) , M2T16 values of only asphaltene decreased the M2T16 values of asphaltene mixed with Co saponite and CoMo alumina based catalysts increased markedly beyond Tc. These phenomena suggest that asphaltene molecules become immobilized by solidification at the temperature at which M2T16 increases most rapidly. Co montmorillonite and Al montmorillonite catalysts are inactive for immobilization of asphaltene molecules as shown in Figs. 4 (b) and 4 (c) , respectively.
The immobilization of asphaltene molecules results from the action of the catalyst.
The increase of the second moment beyond Tc(M2T16) may be caused by the reduction of metal oxides to ferromagnetic metals in the Co porous saponite and CoMo alumina based catalysts. This is Fig based on the observation that the M2T40 values of the residues (char) when cooled to room temperature are over 250kHz2 as shown in Table 3 . The effect of the ferromagnetism is very strong and overshadows any effect of the catalyst on the asphaltene12),16 Cracking activity is greater for support materials with strong Bronsted acid sites. TPD (temperature-programmed desorption) and TPR investigations indicate that cobalt interacts and blocks these acid sites so that the total acidity is decreased17). Cracking performance of the catalysts is, of course, a function of various factors. Discussion in detail will await a future study. We have already shown that the HDS performance with thiophene is closely dependent upon the reduction temperature, Tr, of the cobalt oxide obtained by TPR for Co smectite catalysts17). The conversion increases with increasing Tr, reaching a maximum at about Assume that weak interaction between the metal oxides and supports would result in the easy reduction of the metal oxide to the ferromagnetic metal and vice versa at the experimental conditions employed.
The value of M2T40 of the char can be taken as the interaction parameter of the loaded metals with the support materials. The catalytic performance of HDS for thiophene can then be plotted against the M2T40 value of the char as a measure of reduction. As illustrated in Fig. 7 That is, the interaction between cobalt ions and support lattice in the Co porous saponite catalysts is intermediate in strength. This explanation is not inconsistent with that obtained from the TPR, TPS (temperatureprogrammed sulfiding) and ESR (electron spin resonance) results for hydrodesulfurization of thioiphene with the same series of the catalysts described here17). Thus the PMRTA method using 1H in the hydrocarbons as a probe can be used to elucidate the catalytic reactions of heavy hydrocarbons and to characterize the catalyst. The M2T40 value of char as a measure of reduction gives information about HDS and could provide a criterion for catalyst design.
Conclusions
The catalytic transformations occuring in petroleumusing proton magnetic resonance thermal analysis (PMRTA).
Residual hydrogen was used as a qualitative measure of the remaining hydrogen in the sample, and M2T16 as a parameter of the molecular mobility of the asphaltene.
The M2T16 value of the asphaltene mixed with the various catalysts decreased and was similar to that of Co 
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